Leptin is an adipocyte-secreted hormone that is delivered via a specific transport system across the blood-brain barrier (BBB) to the brain where it acts on the hypothalamus receptors to control appetite and thermogenesis. Peripheral resistance to leptin due to its impaired brain delivery prevents therapeutic use of leptin in overweight and moderately obese patients. To address this problem, we modified the N-terminal amine of leptin with Pluronic P85 (LepNP85) and administered this conjugate intranasally using the nose-to-brain (INB) route to bypass the BBB. We compared this conjugate with the native leptin, the N-terminal leptin conjugate with poly (ethylene glycol) (LepNPEG5K), and two conjugates of leptin with Pluronic P85 attached randomly to the lysine amino groups of the hormone. Compared to the random conjugates of leptin with P85, LepNP85 has shown higher affinity upon binding with the leptin receptor, and similarly to native hormone activated hypothalamus receptors after direct injection into brain. After INB delivery, LepNP85 conjugate was transported to the brain and accumulated in the hypothalamus and hippocampus to a greater extent than the native leptin and LepNPEG5K and activated leptin receptors in hypothalamus at lower dose than native leptin. Our work suggests that LepNP85 can access the brain directly after INB delivery and confirms our hypothesis that the improvement in brain accumulation of this conjugate is due to its enhanced brain absorption. In conclusion, the LepNP85 with optimized conjugation chemistry is a promising candidate for treatment of obesity.
Introduction
According to World Health Organization, 39% of worldwide adults were overweight with body mass index (BMIs) 25.0-29.9 kg/m 2 and 13% were obese with BMIs at or above 30 kg/m 2 . These subjects have higher risk of developing type 2 diabetes, cardiovascular diseases, musculoskeletal disorders, and cancers [1] . Dietary restriction and physical exercise are rarely effective in lasting weight loss [1] . Yet, there are very limited obesity pharmacotherapies available. Safety and toxicity issues have plagued development of small-molecule obesity drugs. Several weight-loss drugs (e.g., sibutramine, rimonabant) were approved but later withdrawn from the market due to unacceptable safety profiles. Currently, Contrav® (naltrexone/bupropion), Xenical® (orlistat), Qsymia® (phentermine/topiramate), and Belviq® (lorcaserin) are the only US food and drug administration (FDA)-approved drugs for long-term treatment of obesity [2] . However, these drugs have low compliance and limited weight-loss efficacy due to significant toxicity issues such as suicide risk (buproprion), unpleasant gastrointestinal (GI) side effects (Xenical), birth defect (topiramate), and heart valvulopathy (lorcaserin) [1] [2] [3] . In view of the safety setbacks associated with smallmolecule obesity drugs, hormonal therapy has attracted significant attention. Specifically, GI hormones (e.g., leptin, glucagon-like peptide 1 (GLP-1), oxyntomodulin (OXM), peptide YY (PYY), ghrelin, pancreatic polypeptide) have been tested in clinics as treatments for obesity. Although the clinical trials of these hormones have generally shown satisfactory toxicity profiles, they each have drug delivery issues including short blood half-lives, and their efficacy performance so far has been disappointing [4] [5] [6] .
Leptin (16 kDa) is secreted by fat cells and then acts in the brain hypothalamus to regulate appetite and thermogenesis [7] [8] [9] . It reaches the brain via a saturable transporter system located at the blood-brain barrier (BBB) and choroid plexus [8, 10] . Although Amgen terminated efforts to develop leptin as a treatment for obesity [11, 12] , their studies and those of many others have yielded a wealth of information regarding both the biology and pharmacodynamics of the hormone. For example, it is now appreciated that earlier attempts of leptin monotherapy were not successful due to the phenomenon of leptin resistance in obese patients [10] . Nonetheless, leptin was well tolerated and effective in leptin-deficient obese patients [13] . Recent studies have shown that leptin resistance can occur via three mechanisms depending in large part to the degree of obesity present. These mechanisms include: 1) defective transport at the BBB, 2) impaired leptin receptor function in the hypothalamus, and 3) disruption of anorectic downstream neuronal circuitries [14] [15] [16] . The latter mechanism of resistance appears to be less important in humans than the first two. In contrast, the ability of clinically relevant amounts of the hormone to cross the BBB (peripheral resistance) and receptor dysfunction (central resistance) are critical considerations in any attempt to develop a leptinbased drug. It is well known that peripheral resistance due to leptin transporter defects predominate over brain receptor defects early on in outbred diet-induced obesity (DIO) rodent models with milder forms of obesity; whereas, both the BBB and receptor are largely dysfunctional in severe obesity [15] . Modeling based on cerebrospinal fluid (CSF) and serum levels of leptin indicates that in advanced obesity in humans (BMI > 30 kg/m 2 , leptin serum levels about 40 ng/ml), transporter defects account for almost two-thirds of resistance to peripherally administered leptin [17] . Thus, just as in the rodent and canine models [18] [19] [20] , it is expected that moderately obese humans who show a poor response to leptin would respond better to a form of leptin that could reach brain receptors [21] . Indeed, leptin entry to the brain is greatly complicated by obesity, triglycerides, fasting, hyperglycemia, insulin, and inflammation [22] [23] [24] . An impaired BBB transport is important in the maintenance and probably in the progression of obesity [15, 18, 25] . Therefore, we believe that improved delivery of leptin to the brain could significantly improve its therapeutic effect when administered to subjects that are at increased risk for disease [26] . Specifically, the target patient population is overweight or mildly obese as it is in these individuals where one would expect peripheral resistance to be the most critical determinant of efficacy (as opposed to severe obese individuals in which central resistance predominates).
To improve the delivery of leptin to the brain, we previously modified leptin randomly at five lysine amines via a degradable crosslinker with Pluronic P85 (P85), an amphiphilic triblock copolymer of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), PEO-PPO-PEO [27, 28] . Modification with a single chain of P85 (1:1 conjugate) or two chains of P85 (1:2 conjugate) prolonged the circulation of leptin in the blood and resulted in increased brain accumulation of leptin after intravenous (IV) administration. While 1:1 conjugate relied on the leptin transporter to enter the brain, the 1:2 conjugate was independent of the transporter [27] . Both random conjugates, however, represented a heterogeneous mixture consisting of several positional isomers and displayed a significant loss of activity [27] . Here, we propose to selectively modify the N-terminal amine of leptin with P85 (LepNP85) to improve the homogeneity of the conjugate and minimize the steric hindrance of the polymer chain upon binding of leptin to its receptor. Additionally, we evaluate the nose-to-brain (INB) administration route to deliver the conjugates directly to the brain, thereby minimizing their exposure to peripheral clearance and bypassing the BBB. We determined here whether the P85 modification of leptin facilitates INB delivery of the hormone by improving its transport across the epithelial barriers.
Materials and methods

Materials
Pluronic P85 (P85, lot no.WPYE537B, average M.W. 4600) was a gift from BASF Corp. (Parspany, NJ). Disuccinimidyl suberate (DSS) linker, dithiobissuccinimidyl propionate (DSP), radioimmunoprecipitation assay buffer (RIPA buffer), 5% 2,4,6-trinitrobenzene sulfonic acid (TNBSA) solution, Corning™ high binding polystyrene 96-well plate, SureBlue Reserve™ tetramethylbenzidine (TMB) peroxidase substrate, and 100 × protease and phosphatase inhibitor cocktail were all purchased from ThermoFisher Scientific (Rockford, IL). Sephadex LH-20, PD-10, and Illustra Nap columns were purchased from GE Healthcare Life Sciences (Pittsburgh, PA). 4-15% Mini-PROTEAN® TGX™ Precast Gel, ProteOn™ GLC sensor chip, 1 M ethanolamine·HCl, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) were purchased from BioRad Laboratories (Hercules, CA Leptin random lysine conjugates were synthesized as previously reported (Scheme S1a) [29] . Briefly, mono-amine-P85 was prepared from P85 in three steps (Scheme S1b). First, P85 (1) was reacted with MTr-Cl (1.1 molar equivalent) in anhydrous pyridine for 5 days at 23°C. Unreacted MTr-Cl, bis-MTr-P85, mono-MTr-P85 (2), and unreacted P85 were then eluted sequentially from silica gel column in dichloromethane with stepwise increase of methanol (2%, 5%, and 10%). Second, 2 was reacted with CDI (5 molar equivalents) in anhydrous acetonitrile for 2 h at 23°C, quenched with 0.2 ml of water for 20 min, and then mixed with ethylenediamine (20 molar equivalents) to obtain MTr-P85-amine (3). 3 was purified on a Sephadex LH-20 column in methanol and dried in vacuo. Third, 3 was dissolved in dichloromethane and mixed with 2 ml of trifluoroacetic acid (TFA) for 1 h at 23°C to remove the MTr group and obtain mono-amine-P85 (4). The reaction mixture was dried in vacuo, dissolved in methanol and then neutralized by triethylamine. The product 4 was also purified on a Sephadex LH-20 column in methanol (37 wt% yield).
To attach mono-amine-P85 to leptin, mono-amine-P85 was activated with 20 molar equivalents of DSS or DSP (Supplementary Scheme S1c) in dimethylformamide/0.1 M sodium borate, pH 8.0 for 30 min, and then purified on an Illustra Nap-25 column in 20% ethanol. Five molar equivalents of P85-DSP or P85-DSS polymers were immediately mixed with leptin in 20% ethanol/0.1 M sodium borate, pH 8.0 and incubated overnight at 4°C.
N-terminal conjugate
Leptin N-terminal amine was selectively conjugated with in house synthesized mono-aldehyde-P85 (CHO-P85-OH) via reductive amination (Supplementary Scheme S2a). Mono-propanediol-P85 was first synthesized and purified similarly to mono-amine-P85 but using 3-amino-1,2-propanediol instead of ethylenediamine (Supplementary Scheme S2b, 46 wt% yield). CHO-P85-OH was synthesized from monopropanediol-P85 by oxidation with sodium periodate in methanol/ 50 mM sodium acetate, pH 5.5 in the dark for 0.5 h at 4°C, and then purified using Illustra Nap-25 column in 20% ethanol. To synthesize LepNP85, leptin was mixed with CHO-P85-OH (20 molar equivalents) in 20% ethanol/50 mM sodium acetate, pH 5.5 at 4°C for 3 h, and then reduced by NaBH 3 CN (final concentration 20 mM) at 4°C overnight. The PEGylated analog of leptin N-terminal conjugate (LepNPEG5K) was synthesized similarly using commercial PEG5K-CHO at 5 molar equivalents.
Purification of leptin conjugates
After the conjugation, leptin conjugates were precipitated in cold acetone to remove excess of polymers. Singly modified leptin conjugate was then purified by size exclusion chromatography (SEC) using ÄKTA FPLC system equipped with a ultraviolet (UV) detector at 254 nm (GE Healthcare Life Sciences). Large hydrodynamic size-protein aggregates, leptin conjugates, and free leptin were eluted sequentially from Superdex 75 100/300 GL column in 10% methanol/0.25 M sodium phosphate, pH 7.5 at 0.5 ml/min. Peaks were collected and characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF). The pooled fractions were buffer exchanged into 10 mM sodium phosphate buffer, pH 7.5 using Amicon ultra-15 centrifugal filter units (MWCO 10 kDa) and stored at − 80°C for further analysis. The yield of 1:1 modified leptin conjugates after FPLC purification was about 10% based on protein amount.
N-terminal amino group protection assay
The N-terminal amine of leptin was protected with 2-pyridinecarboxaldehyde (2PCA) as reported [30] . In brief, leptin was mixed with 400 molar equivalents of 2PCA in 0.1 M sodium borate buffer, pH 8 at 37°C for 24 h, and then purified by PD-10 columns in 10 mM sodium phosphate, pH 7.5. The modification degree was determined by TNBSA assay following product protocol. Briefly, 50 μl of leptin or 2PCA protected leptin (Leptin-2PCA) (100-300 μg/ml) was mixed with 25 μl of 0.01% TNBSA in 0.1 M sodium bicarbonate, pH 8.5 at 37°C for 2 h. Absorbance at 335 nm was read on a microplate reader SpectraMax M5 (Molecular devices). The modification degree (S) was calculated according to the following equation [31] :
where A and C are the absorbance and concentration of native leptin (native) or Leptin-2PCA (modified), and 8 is the total number of primary amines in leptin monomer. Leptin and Leptin-2PCA was then mixed with CHO-P85-OH or P85-DSP as described in 2.2. The reaction mixtures were characterized by SDS-PAGE and MALDI-TOF.
Characterization of leptin conjugates
MALDI-TOF
Protein samples were prepared using the sandwich method and matrix of saturated sinapinic acid in acetonitrile/0.1% TFA (50/50, v/ v). Briefly, 0.5 μl of matrix was deposited on an Opti-TOF™ 384-well target, air dried, followed by 0.5 μl of protein sample and another 0.5 μl of matrix. The target was then air dried. Mass spectra were collected on a 5800 MALDI-TOF/TOF system (Applied Biosystems/MDS SCIEX) in positive linear mode as previously reported [27] .
SDS-PAGE
5 μg of protein samples (as determined by microBCA) were mixed with Laemmli sample buffer without reducing agents, denatured at 95°C for 5 min, and then resolved on 4-15% Mini-PROTEAN® TGX™ Precast Gel at 120 v for 50 min. The gel was stained with coomassie blue G250 and imaged by FluorChem E System (ProteinSimple).
Far UV-circular dichroism (far UV-CD)
The secondary structures of leptin and leptin conjugates were characterized by far UV-CD. The proteins were diluted with 10 mM sodium phosphate, pH 7.5 to 0.1 mg/ml. CD spectra from 190 to 260 nm were recorded using Chirascan™-Plus CD Spectrometer (Applied Photophysics, Beverly, MA) at the following settings: cell pathlength 10 mm, bandwidth 1.0 nm, step 0.5 nm, time-per-point of 1.25 s (50,000 repeats per point), and temperature 20°C. For each sample, three repeated scans were recorded, averaged, subtracted the buffer background, smoothed, and then normalized by ellipticity at 222 nm to adjust for minor difference in protein concentrations. Mean residue molar ellipticity (degrees·M − 1 m − 1 ) was calculated using
where θ is the recorded ellipticity in degrees, M the molecular mass (16,140 g/mol), C the protein concentration in mg/ml (0.1 mg/ml), l the cell pathlength in cm (0.1 cm), and n the number of amino acid residues in leptin (147) [32] . The composition of secondary structures and the goodness-of-fit parameter normalized root mean square deviation (NRMSD) were obtained using online DichroWeb program CDSSTR and protein reference set 7 [33, 34] .
Reverse phase-high performance liquid chromatography (RP-HPLC)
The relative hydrophobicity of leptin and leptin conjugates were compared by RP-HPLC: the hydrophobic proteins were eluted later than the hydrophilic proteins. The proteins were eluted from Jupiter C4 column (particle diameter 5 μm, pore diameter 300 Å, 4.6 × 100 mm) by gradient elution at 1 ml/min and 25°C, and monitored by absorption at 220 nm. Mobile phase A: water + 0.1% TFA; mobile phase B: acetonitrile + 0.1% TFA: isopropanol 50:50 (v/v). The elution started from 5% B for 5 min, then linearly increased to 95% B at 1%/min, and stayed at 95% B till 100 min.
Surface plasmon resonance (SPR)
The binding affinity of leptin and leptin conjugates to leptin receptor was determined by ProteOn™ XPR protein interaction array system (BioRad Laboratories) similarly as previous reports using BiaCore 2000 system [35] or BiaCore 3000 system [27] . Protein G was covalently immobilized on GLC sensor chip to allow capture of leptin receptor-Fc chimeras. In detail, 1600 resonance units (RU) of leptin receptor was captured by sequential injection of the following compounds to the vertical ligand channels at 30 μl/min: 1) 1:1 (v/v) mixture of 40 mM EDC/10 mM sulfo-NHS for 300 s, 2) 75 μg/ml of protein G in 10 mM sodium acetate, pH 4 for 120 s, 3) 1 M ethanolamine for 300 s, and 4) 10 μg/ml of leptin receptor in running buffer (10 mM HEPES, pH 7.4/150 mM NaCl/0.005% Tween 20) for 60 s. After 180 s equilibration at 50 μl/min, a serial dilution of leptin or leptin conjugates in running buffer was simultaneously injected to the horizontal analyte rows. A 150 s binding phase and a 1200 s dissociation phase were recorded at 100 μl/min. The protein G surface was then regenerated by injection of 10 mM glycine buffer, pH 2 at 100 μl/min for 18 s. The sensorgrams were auto-processed (injection alignment, baseline alignment and artifact removal), referenced to a ligand channel that had no leptin receptor for non-specific binding, and double referenced to a buffer analyte row for baseline shift (resulted from dissociation of leptin receptors). The equilibrium dissociation constants K D (nM) were obtained by fitting the sensorgrams to a Langmuir 1:1 binding model using the instrument software.
Animal studies
All animal experiments were approved by the University of North Carolina Institutional Animal Care and Use Committee. 6-8 weeks male CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA).
Leptin
receptor activation in hypothalamus after intracerebroventricular
(ICV) injection and INB delivery
The mice were anesthetized by intraperitoneal injection of 40% urethane (4 mg/kg), and then injected with leptin or leptin conjugates in 4 μl of phosphate buffered saline (PBS) by ICV administration (0.2 mm caudal to bregma, 1 mm lateral to sagittal suture, and 3.5 mm in depth). Alternatively, the mice were injected intranasally with 8 μl of protein samples in PBS using a gel loading tip attached to a 10 μl pipette. The tip was inserted 4 mm deep to the depth of the cribriform plate [36] (2 μl per injection, alternate nostril between injections with 1 min apart). 30 min after ICV injection or 1 h after INB delivery, the mice were sacrificed. The brains were removed and dissected on ice to sample hypothalamus and hippocampus according to published procedure [37] . The tissue was homogenized in 100 μl of RIPA buffer supplemented with 1× protease and phosphatase inhibitor cocktail. For ICV samples, 50 μg of homogenate proteins were analyzed by western blotting for phosphorylation of STAT3 at Tyr 705 (pSTAT3) and then total STAT3 after stripping. The band densitometry was quantified using Image J. For intranasal samples, 1 mg/ml of the hypothalamus lysates were analyzed using Wes instrument (ProteinSimple). The activity of leptin and leptin conjugate was reported as densitometric ratio of pSTAT3 to STAT3.
2.6.2. Pharmacokinetic study 2.6.2.1. Radioactive labeling. Leptin and leptin conjugates were labeled with iodine by chloramine T method [27] . Briefly, 10 μg of proteins were mixed with 1 mCi of Na 125 I or Na 131 I and 10 μg of chloramine T in 100 μl of 0.25 M sodium phosphate, pH 7.5 for 60 s. The proteins were then eluted from Illustra Nap-5 columns in PBS, collected in tubes pretreated with 1% BSA to prevent nonspecific adsorption, and concentrated to around 80 μl using Amicon ultra-0.5 ml centrifugal filter units (MWCO 10 kDa). The percentage of iodine associated with proteins in the final concentrated samples was determined by trichloroacetic acid (TCA) precipitation [38] . Briefly, 1 μl of the concentrated samples was mixed with 0.5 ml of 1% BSA in PBS and 0.5 ml of 30% TCA by brief vortex followed by centrifugation at 5400g for 10 min. The radioactivity of the resulting protein pellet and supernatant was counted on r-counter (PerkinElmer). The percentage of iodine associated with protein was calculated as the percentage of pellet radioactivity in total radioactivity. Protein samples with percentage of iodine association higher than 95% were used.
2.6.2.2. Serum clearance and brain influx rate after IV injection. The mice were anesthetized by intraperitoneal injection of 40% urethane (4 mg/ kg). 4 × 10 5 counts per minute (cpm) of 125 I-and 131 I-labeled compounds in 0.2 ml of lactated ringer's buffer supplemented with 1% BSA were co-injected to the left jugular vein. At defined time points (1 to 180 min), blood was sampled from the right carotid artery, allowed to clot at 23°C, and then centrifuged at 5400g for 10 min to collect serum. Immediately after blood sampling, the mice were sacrificed. The whole brains were removed and weighed. The brain/ serum samples and four injection checks representing injected dose (ID, cpm per mouse) were counted on r-counter simultaneously. The cpm in brain/serum samples was divided by ID and multiplied by 100 to get %ID, and then normalized by weight for brain samples (Am, %ID/g) or by volume for serum samples (Cpt, %ID/ml). Ln(Cpt) was plotted against time (t, min) using Prism 5.0 software (GraphPad, San Diego, CA). The serum clearance rate (k, min
), half-life (t 1/2 , min), and volume of distribution (V, ml) were calculated from the slope and y-intercept of the linear regression using the following equations [27] .
The unidirectional brain influx rate (Ki, ml/g·min) and initial volume of brain distribution (Vi, ml/g) were determined by multipletime regression analysis using the following equation [39, 40] 
where Am Cpt is the brain/serum ratios (ml/g), and ∫ Cpt dt Cpt ⋅ the exposure time, which is the integral area under the curve (AUC) of serum concentration Cpt from time 0 to time t divided by Cpt at time t.
2.6.2.3. Serum absorption and brain regional distribution after intranasal administration. The mice were anesthetized by intraperitoneal injection of 40% urethane (4 mg/kg). 2 × 10 6 cpm of 125 I-and 131 I-labeled samples in 2 μl of PBS were co-injected intranasally into the upper nasal area near cribriform plate by inserting a gel loading pipette tip 4 mm into the left nostril of each mouse [36] . The mice were laid naturally on their backs on a heating pad after injection. 5, 10, 20, 30 and 60 min later, serum was collected as mentioned above. The olfactory bulb, hypothalamus, hippocampus, and the rest of brain were sampled on ice following published procedure [37] and weighed. Radioactivity in serum and brain samples was counted. Six injection checks representing ID were counted simultaneously. Radioactivity in serum and brain samples were presented as %ID/ml and %ID/g, respectively as mentioned above. Note that the mice were not perfused. It is reported that the radioactivity in perfused brain was comparable to non-perfused brain after intranasal delivery of leptin, due to negligible material entering the blood [41] .
Stability of iodinated proteins in serum and brain samples.
The mice were dosed intranasally with 2 × 10 6 cpm of 125 I-and 131 I-labeled samples in 2 μl of PBS as mentioned above. 10 and 60 min later, blood was sampled by cardiac puncture and allowed to clot at 23°C to collect serum. The mice were immediately perfused with ice-cold PBS. The brain was removed, homogenized in 2 ml of ice-cold PBS, and then centrifuged at 5400g for 10 min. 50 μl of serum and 1 ml of brain homogenate supernatant were precipitated with 1 ml of 30% TCA as mentioned above. Process controls that evaluate process-induced degradation were made by spiking untreated mice serum and brain samples with iodinated proteins and then being treated similarly as dosed animal samples. The stability of iodinated samples in serum and brain samples was evaluated as the percentage of radioactivity in the protein pellet [27] .
2.6.2.5. Blood absorption and brain clearance after ICV injection. To study the clearance of leptin and LepNP85 from the brain, leptin and LepNP85 were labeled with biotin to distinguish from endogenous leptin. Briefly, the proteins were mixed with 40 molar equivalents of Sulfo-NHS-biotin in 10 mM sodium phosphate, pH 7.5 on ice for 2 h, and then purified by PD-10 column. 1 μg of biotin-labeled leptin or LepNP85 in 1 μl of PBS were injected locally into brain by ICV injection. At each time point, blood was sampled from carotid artery into heparinized tubes and centrifuged at 2000g for 15 min to collect plasma. The whole brain was removed and homogenized in 1 ml of RIPA buffer supplemented with 1× protease inhibitor cocktail. The concentration of biotin-labeled protein in brain lysate and plasma were analyzed by enzyme-linked immunosorbent assay (ELISA). Briefly, a high binding polystyrene 96-well plate was coated with 1 μg/ml of recombinant leptin receptor-Fc chimera in PBS overnight at 4°C (0.1 ml per well). After trice wash with PBS, each well was blocked with 0.2 ml of 3% BSA/PBS at 23°C for 1 h, and then incubated with 0.1 ml of biotin-labeled protein standards or brain/plasma samples diluted with 3% BSA/PBS for 2 h. After another trice wash with 0.2 ml of 0.05% Tween-20/PBS, each well was incubated with 0.1 ml of high sensitivity streptavidin-horseradish peroxidase (Pierce, 1:250 dilution) in 3% BSA/ PBS for another 1.5 h followed by four washes with 0.05% Tween-20/ PBS. Each well was then incubated with 0.1 ml of TMB peroxidase substrate for 15 min. The reaction was stopped by adding 0.1 ml of 2 M H 2 SO 4 and detected at 450 nm.
Results
Synthesis and purification of leptin conjugates
The two leptin-P85 conjugates with the block copolymer attached to the protein's lysine amino groups via DSP linker (LepDSPP85) or DSS linker (LepDSSP85) were synthesized and purified as previously reported [27] (Supplementary Scheme S1 and Fig. S1 ).
Leptin N-terminal conjugation was accomplished via reductive amination based on the pKa difference between N-terminal amine (7.6-8.0) and lysine amine (9.3-9.5) [42] . Under acidic conditions, the lysine amines were preferentially protonated, leaving the unprotonated N-terminal amine reacting with aldehyde to form Schiff base, which was then reduced to a stable secondary amine by sodium cyanoborohydride (Supplementary Scheme S2a). By this method, we synthesized leptin N-terminal conjugate modified with P85-aldehyde (CHO-P85-OH, prepared as shown in Supplementary Scheme S2b) (LepNP85) or with commercial PEG5K-CHO of similar molecular mass (LepNPEG5K) at pH 5.5. The appearance in the MALDI-TOF spectra of a 21 kDa peak representing leptin monomer modified with a polymer chain (molar ratio of leptin monomer: polymer 1:1) and a 37 kDa peak representing leptin dimer modified with a polymer chain (2:1) in the reaction mixture (Fig. 1a) indicated successful conjugation of leptin with CHO-P85-OH and PEG5K-CHO.
LepNP85 and LepNPEG5K were purified by SEC (Fig. 1b) . The fractions were characterized by MALDI-TOF ( Supplementary Fig. S2 ) and SDS-PAGE (Fig. 1c) . Leptin conjugates and unmodified leptin were eluted sequentially based on their hydrodynamic size. The aggregates of large hydrodynamic size eluted in 14 to 17 min consisted of unmodified leptin (1:0, 16 kDa), singly modified leptin conjugate (1:1, 21 kDa), doubly modified leptin conjugate (1:2, 26 kDa), and heavily modified leptin conjugates (as indicated by the smear in SDS-PAGE [43] ). Mixture of 1:2 and 1:1 conjugates was eluted in 18.2 to 20.3 min. A relatively pure fraction of 1:1 conjugate was eluted in 20.3 to 21.9 min. Mixture of 1:1 conjugate, leptin monomer modified by the diblock PEO-PPO (1:1*, 18 kDa), and unmodified leptin was eluted in 21.9 to 24 min. Lastly, unmodified leptin was eluted in 25 to 27 min. Commercial Pluronics including P85 from BASF typically contain about 10-25 wt% diblock PEO-PPO impurities [44] . We detected in monoamine-P85 synthesized from commercial P85 the presence of lowmolecular mass impurities ( Supplementary Fig. S3 ), which should be separated prior to conjugation in subsequent improved procedures. Compared to LepNP85, LepNPEG5K 1:1 conjugate had similar molecular mass (21 kDa) but was eluted earlier (18.5 vs. 21 min) in SEC, indicating their larger hydrodynamic size. This is possibly due to greater swelling of the PEO chain attached to leptin in LepNPEG5K compared to the P85 in LepNP85 in which a hydrophobic PPO block should form a more condense structure. We carried out a molecular dynamics simulation and showed that the PEG chain (5 kDa) in LepNPEG5K is loosely wrapped around leptin whereas P85 in LepNP85 is compressed on the surface of leptin (Supplementary Fig. S4 ). In the following studies, we used purified 1:1 conjugates of LepDSPP85, LepDSSP85, LepNP85, and LepNPEG5K ( Supplementary Fig. S5 , chemical structures are shown in Supplementary Scheme S3).
N-terminal amino group protection analysis
To confirm that the CHO-P85-OH was attached at the N-terminal amino group of leptin, we protected this group with 2PCA [30] and then examined if the conjugation of leptin with CHO-P85-OH is affected. On average, each leptin molecule was modified with 0.76 ± 0.06 2PCA as determined by TNBSA assay. The modification resulted in an incremental increase of the molecular mass of the leptin monomer, dimer and trimer by 129, 232, and 311 Da respectively, as determined by MALDI-TOF (Supplementary Fig. S6 ). This increase appears to be higher than expected (89, 178, and 267 Da respectively), which is due to the low accuracy of our MALDI-TOF analysis for the species with the mass-to-charge ratio exceeding 4000. Based on MALDI-TOF ( Supplementary Fig. S7 ), the protection of the N-terminal amine nearly abolished the formation of LepNP85 1:1 conjugate, but did not impede the reaction of the protein with P85-DSP, which modifies leptin at multiple lysine amines [27] . This conclusion was reinforced by the SDS-PAGE (Fig. 2) , suggesting that the protection of the N-terminal amine greatly diminished the formation of 1:1 conjugate in the reaction of leptin with CHO-P85-OH, but did not affect the yield of such conjugate in the reaction with P85-DSP. This provides strong evidence of modification of N-terminal amine of leptin with CHO-P85-OH in LepNP85.
Secondary structures of the conjugates by CD
The secondary structures of leptin and leptin conjugates were characterized by far UV-CD (Fig. 3) . We also examined the CD spectra of the physical mixtures of native leptin with P85 or PEG5K to see if these polymers can have any effect on the conformation of the hormone via non-covalent interaction. The native leptin displayed a dominant α-helical structure (63%) as reported elsewhere [27, 45, 46] : two minima at 208 and 222 nm, and one maximum around 190 nm. The CD spectra of leptin in 1:1 physical mixture of leptin with P85 or PEG5K or covalent conjugates of leptin with these polymers were superimposed to that of native leptin. The results suggest that neither the physical mixture nor the covalent conjugation of the polymers perturb the secondary structure of leptin (see Supplementary Table S1 for compositions of secondary structure).
Relative hydrophobicity of the conjugates by RP-HPLC
The relative hydrophobicity of leptin and leptin conjugates was compared by RP-HPLC using a gradient of acetonitrile + 0.1% TFA: isopropanol 50:50 (v/v) (Fig. 4) . As seen in the figure, leptin modified with a single chain of PEG5K (LepNPEG5K) was eluted at nearly the same concentration of organic solvents as the unmodified leptin, suggesting that this conjugate had similar hydrophobicity to the native protein. As expected, leptin modified with a single chain of P85 (both LepNP85 and LepDSPP85) were eluted at higher concentration of organic solvents than the unmodified leptin and PEGylated analog, which was consistent with their increased hydrophobicity due to incorporation of the hydrophobic PPO block. Notably, despite the increased hydrophobicity of the leptin-P85 conjugates we did not observe aggregation or formation of micelle-like structures of the conjugates in aqueous solution. We characterized the intensity-based size distribution of leptin and LepNP85 at protein concentration of 1 mg/ml (Supplementary Fig. S8 ). Interestingly, LepNP85 had lower polydispersity and less aggregation than native leptin. Each sample exhibited a main fraction of small particles with an effective diameter of 5.3 nm for leptin and 8.2 nm for LepNP85, which is much smaller than the typical diameter of P85 micelles (around 16 nm [47] ).
Binding affinity of the conjugates by SPR
Next, we characterized the binding of leptin and leptin conjugates to leptin receptor by SPR (Fig. 5) . Native leptin displayed the fast binding and slow dissociation and had a dissociation constant (K D ) of 0.089 ± 0.046 nM, which was similar to the previously reported value (0.12 ± 0.08 nM) [35] . Leptin N-terminal conjugates LepNP85 and LepNPEG5K had similar sensorgrams and dissociation constants (0.20 ± 0.13 nM for LepNP85 and 0.28 ± 0.15 nM for LepNPEG5K). These K D values were numerically (~2 to 3 times) higher but not statistically different compared to that of the native leptin. In contrast, the random lysine conjugates LepDSPP85 and LepDSSP85 displayed much faster dissociation rates and over ten times higher dissociation constants (1.09 ± 0.23 nM for LepDSPP85 and 1.08 ± 0.24 nM for LepDSSP85). These K D values were significantly different compared to that of the native leptin. Therefore, consistent with the molecular dynamics prediction [27] , the binding affinity (inverse to K D ) determined by SPR was only marginally affected in leptin N-terminal conjugates, but greatly decreased in the random lysine conjugates. Since we determined that the conjugation did not affect the conformation of leptin, the observed changes in binding of the leptin conjugates to the receptor are most likely due to steric hindrance of such binding by the attached polymer chains.
Leptin receptor activation in hypothalamus after ICV injection
Leptin regulates appetite mainly by binding to its receptor in the hypothalamus and activating the downstream janus kinases-STAT3 (JAK-STAT3) pathway [8, 48] . To determine if leptin conjugates are active in vivo, we injected the leptin and leptin conjugates to the brain by ICV administration, and then sampled hypothalamus for western blotting (Fig. 6) . The pSTAT3 to total STAT3 ratio (pSTAT3/STAT3) served as a measure of leptin receptor activation [49, 50] . 30 min after Fig. 4 . RP-HPLC analysis of leptin and leptin conjugates. Leptin and leptin 1:1 conjugates were eluted from Jupiter C4 column (particle diameter 5 μm, pore diameter 300 Å, 4.6 × 100 mm) by gradient elution at 1 ml/min and 25°C, and monitored by absorption at 220 nm. Mobile phase A: water + 0.1% TFA; mobile phase B: acetonitrile + 0.1% TFA: isopropanol 50:50 (v/v). The elution started from 5% B for 5 min, then linearly increased to 95% B at 1%/min, and stayed at 95% B till 100 min.
ICV administration of native leptin at a dose of 100 ng/mouse, this ratio was significantly higher than the one observed after the injection of the vehicle (Fig. 6a) . Further increase of leptin dose to 500 and 1000 ng/ mouse did not produce any significant change in pSTAT3/STAT3 ratio. LepNP85 displayed essentially the same activity as native leptin, producing nearly the same pSTAT3/STAT3 ratios at the same doses of 100, 500, and 1000 ng/mouse (Fig. 6a) , suggesting signal saturation at the dose of at least 100 ng/mouse. Next, we compared all leptin conjugates to native leptin at a dose of 100 ng/mouse and concluded that they all have similar activities as the native leptin (Fig. 6b) . It is likely that we cannot detect the differences between these forms as seen in SPR due to signal saturation at this dose and the large animal variability such as receptor expression on plasma membrane, downstream signaling, and diffusion of proteins from injection sites to hypothalamus [51] , which reduce the experimental space for us to detect the difference at lower doses. Nonetheless, these data suggest that all leptin conjugations produced in this study were active in live brain.
Serum clearance and brain influx rates after IV injection
To characterize serum clearance and brain influx rate following IV administration, we labeled leptin and leptin conjugates with 125 I and 131 I respectively and co-injected them into the left jugular veins of CD1 mice. The half-life of serum clearance was calculated from the linear portion of the regression of Ln serum concentration against time ( Fig. 7 and Table 1 ). Similar to previously reported results for LepDSPP85 [27] , LepNP85, LepDSSP85 and LepNPEG5K showed two-phase decay of serum clearance and prolonged half-life of 50.58-57.04 min compared to leptin (~11.41 min). The unidirectional brain influx rate (Ki) and the initial volume of brain distribution (Vi) were calculated using multiple-time regression analysis (Table 1) . Vi included the vascular space and steady-state exchangeable space that was quickly equilibrated with the blood, such as rapid reversible transporter binding at the brain endothelial cells [39, 40, 52] . The brain influx rate of native leptin was similar to the value reported previously (0.236 μl/g min) [27] . LepNP85 displayed~3.5-times lower brain influx rate and slightly lower initial volume of brain distribution compared to coinjected native leptin. We further compared LepNP85 to non-cleavable random lysine-modified conjugate, LepDSSP85. (We did not include in this study a cleavable analog, LepDSPP85 that was evaluated previously [27] to avoid any interference of the disulfide bond reduction and decrease the animal use.) Compared to LepDSSP85, LepNP85 displayed a trend of having~1.5-time faster brain influx rate (p = 0.05718) and slightly albeit significantly higher initial volume of brain distribution. We also compared LepNP85 to the N-terminal PEGylated analog LepNPEG5K and revealed great similarity between these analogs. LepNPEG5K and LepNP85 had similar brain influx rates (p = 0.8965) and volumes of brain distribution (p = 0.4086). Taken together, these results suggest that the N-terminal leptin conjugates with P85 or PEG5K are slightly superior in terms of brain delivery to the random lysine conjugate by IV injection. However, brain entry of LepNP85 was inhibited by co-injection of cold leptin ( Supplementary Fig. S9 ), suggesting it cannot overcome the leptin peripheral resistance in obesity. Therefore, we administered LepNP85 intranasally using the INB route to bypass the peripheral resistance of leptin transporter.
Serum absorption and brain regional distribution after intranasal administration
Comparison of leptin and LepNP85
We examined whether Pluronic modification could improve INB delivery of leptin to the brain. Towards this goal, we co-administered 125 I-LepNP85 and 131 I-leptin into the upper nasal area near cribriform plate [36] . INB delivery of leptin in a rat model follows the traditional pattern of uptake by the olfactory bulb with less amounts of uptake by 
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other brain regions and with little material entering blood [41] . Consistent to this report, the serum absorption of both leptin and LepNP85 increased over time (Fig. 8) . The AUC of serum concentration (%ID/ml) over the first 60 min for LepNP85 was~1.5-times of that for co-injected leptin (Supplementary Table S2 ), suggesting that the copolymer modification enhanced the serum absorption of LepNP85. However, the serum concentration of LepNP85 was still quite low (1.7% ID/ml at 60 min). Accordingly, the distribution of leptin and LepNP85 in peripheral organs was minimal and increased over time as the serum concentration increased (Supplementary Fig. S10 ). Notably, the lungs, which were supplied by iodinated proteins from blood and nose, had significantly higher accumulation compared to the other peripheral organs that had blood as the only source for iodinated proteins. The brain distribution pattern of both LepNP85 and native leptin was also similar to that reported for intranasal leptin in rat [41] : the highest concentration was observed in olfactory bulb, followed by hypothalamus and then hippocampus, which was comparable to the rest of brain (Fig. 8) . Compared to co-injected leptin, LepNP85 had similar accumulation in olfactory bulb, but 1.9-times higher AUC in hypothalamus and 3.2-times higher AUC in hippocampus over the first 60 min. This result was further reinforced using a DIO mice model suggesting that LepNP85 accumulated in the brain hypothalamus and hippocampus better than the unmodified leptin ( Supplementary Fig.  S11a ). Brain distribution of intranasal LepNP85 did not differ between healthy mice and DIO mice (Supplementary Fig. S11b ). These data support our hypothesis that Pluronic modification enhanced INB delivery of leptin.
Comparison of LepNP85 and LepNPEG5K
To explore the function of hydrophobic PPO block in P85, we compared LepNP85 to LepNPEG5K. LepNP85 accumulated 2.4-times more in serum, 1.7-times more in olfactory bulb, 2.5-times more in hypothalamus, and 3.2-times more in hippocampus than co-injected LepNPEG5K (Fig. 9) , suggesting that the PPO block in LepNP85 facilitates serum absorption and intranasal delivery to the brain. Note that leptin, LepNP85 and LepNPEG5K demonstrated similar integrity in serum and brain samples after intranasal administration as determined by TCA precipitation (Supplementary Table S3 ), suggesting the above comparisons of total radioactivity represent the comparisons of intact proteins.
Comparison of LepNP85, LepDSPP85, and LepDSSP85
Next, we compared LepNP85 to the previously developed LepDSPP85. Interestingly, LepNP85 had 0.7-time lower serum absorption, similar accumulation in OB, 3.5-times higher accumulation in hypothalamus, and 5.3-times higher accumulation in hippocampus (Fig. 10) . The reduced serum absorption and increased brain accumulation indicated that LepNP85 was superior to LepDSPP85. The difference between LepNP85 and LepDSPP85 in INB delivery cannot be explained by the difference in modification sites, because LepNP85 and LepDSSP85 had similar serum absorption and brain distribution after INB delivery (Supplementary Fig. S12 ). These suggest that the difference between LepNP85 and LepDSPP85 was mainly due to the reduction of disulfide bond in LepDSPP85. Taken together, LepNP85 is the best conjugate that accumulated most in brain hypothalamus and hippocampus by intranasal delivery.
Brain/serum ratios of leptin and leptin conjugates
The brain/serum ratios for leptin and leptin conjugates after INB delivery were calculated by summing radioactivity of hypothalamus, hippocampus, and the rest of brain (Supplementary Fig. S13) . These values for all the conjugates were generally one order higher than the respective brain/serum ratios observed after IV administration. For the native leptin, the difference was somewhat less suggesting possibility of at least partial reabsorption of the hormone from the blood to the brain.
Competitive effect of leptin on distribution of the conjugate
Fliedner et al. reported that in a rat model the intranasal delivery of leptin to the brain is non-saturable although the serum absorption of the protein is saturable [41] . Specifically, co-injection of iodinated leptin with unlabeled leptin (0.2 mg/kg in~600 g rats, which according to another paper is a therapeutic dose [53] ) did not affect the amount of the labeled protein distributed in the brain (including olfactory bulb, hypothalamus and hippocampus) but distribution of this protein in the serum. We obtained similar result in our mouse study for LepNP85 conjugate. In this case, co-administration of the conjugate with unlabeled leptin (10 μg/mouse or 0.4 mg/kg in~25 g mice) significantly decreased serum absorption of the conjugate, and did not inhibit its uptake in olfactory bulb, hypothalamus, and hippocampus over the first 30 min after INB delivery (Fig. 11) . This suggests that although the brain distribution of the LepNP85 appears to be receptorindependent, the serum distribution is still mediated by a saturable system that recognizes both the native leptin and this conjugate.
Blood absorption and brain clearance of leptin conjugate after ICV injection
We also observed that leptin and LepNP85 can be cleared back into blood when administered locally into the brain by ICV injection (Fig. 12 and Supplementary Fig. S14 ). Compared to leptin, plasma concentrations of LepNP85 were higher (p < 0.001 by Two-way ANOVA), suggesting that P85 modification enhanced the brain to blood clearance of leptin (Fig. 12a) . Compared to the initial time points, the plasma concentration of leptin dropped significantly at 4 h while the concentration of LepNP85 still remained high and decreased only at 8 h. The more sustained amount of the conjugate found in the blood may be due to both its greater brain to blood clearance as well as its longer circulation half-life compared to the native leptin (Fig. 7) . The brain concentrations of leptin were comparable to those of LepNP85 at all time points (Fig. 12b) . Compared to the initial time points, the brain concentrations of leptin and LepNP85 only dropped significantly after 4 h.
Leptin receptor activation in hypothalamus after intranasal administration
One hour following intranasal administration, LepNP85 activated the downstream STAT3 signaling pathway of leptin receptor in brain hypothalamus at a dose of 5 μg/mouse (Fig. 13) . At this dose, unmodified leptin was not active. Leptin was found to be inactive until at dose of 12 μg/mouse. At this higher dose, LepNP85 was not active, which is consistent with the U shape response of leptin [54] . Note that the intranasal route is variable especially at low dose. At the dose of 5 μg/mouse, one out of the nine mice in the leptin group and four out of the eleven mice in the LepNP85 group responded to the treatment.
Discussion
To improve the delivery of leptin to the brain, we previously modified leptin with P85 via a cleavable disulfide bond linker (LepDSPP85) [27] . In this approach, the polymer was attached to the protein randomly at five lysine amines K6, K12, K16, K34, and K107. The resulting conjugates displayed significantly increased serum stability and circulation time. Their brain accumulation was increased compared to native leptin probably due to the increased exposure to the BBB. Notably, while the 1:1 conjugate relied on the leptin transporter to enter the brain, the 1:2 conjugate was independent of the transporter [27] . However, the random modification also resulted in heterogeneity of the conjugates and considerable loss of their activity, especially in the case of the protein modified with two P85 chains. As previously reported based on the molecular dynamics simulation, the K6 and K12 positional isomers of these conjugates are likely to be inactive since the point modifications of these amino groups should sterically hinder the binding of leptin to its receptor [27] . This conclusion is also reinforced by other modeling studies indicating that K6 and K12 of leptin contribute to the binding specificity by forming salt bridges and hydrogen bonds with D615, E563, N564, and N565 in the leptin-binding domain (LBD) of the leptin receptor [55] . At the same time, based on our modeling study [27] , the modification of leptin at the N-terminal amine should not affect the hormone binding to the receptor. Experimentally, leptin has been fused with Fc [56] or Pro/ Ala/Ser polypeptides [57] at the N-termini, and the resulting fusion proteins were still active in reducing the body weight in both leptindeficient ob/ob mice and normal lean mice. Therefore, in the present study, we selectively conjugated P85 to leptin N-terminal amine and showed that this conjugate has improved binding affinity compared to randomly modified forms.
Another limitation of the previously developed random lysine conjugate modified with one P85 polymer chain is that its entry to the brain appeared to be dependent on the BBB transporter, which is impaired in obese patients. We showed here that LepNP85 entered the brain slightly faster than the random conjugate. However, its brain delivery still relied on the BBB transporter as it was inhibited by the unmodified leptin. Hence we explored the INB route to bypass the BBB altogether. Several studies have reported physiological effects of native leptin administered through this route. For example, in a rat seizure model, nasal leptin showed anticonvulsant action via direct effects on glutamate neurotransmission in the hippocampus [58] . More relevantly, food intake was reduced in normal body weight rats and in DIO rats receiving intranasal leptin [49, 53, 59] . These results demonstrate that nasal leptin can access the brain in amounts large enough to produce therapeutic effects. Toxicity was not reported in animals receiving nasal leptin at therapeutic doses [49, 53, 59] . Furthermore, whether used as a weight loss measure or an approach to healthy weight maintenance, an easily and non-invasively administered product should have wide acceptance by the public and the greatest positive impact on our healthcare system [60] . The concept of INB delivery is that compounds administered intranasally gain direct access to the central nervous system (CNS) [61] . Three pathways are believed to be involved in ferrying substances across the epithelial barriers and into the CNS: 1) transcellular transport across the sustencular cells in respiratory or olfactory epithelia, and then diffusion via the CSF and brain interstitial fluid; 2) intraneuronal or paraneuronal retrograde transmission via the olfactory nerves across the cribriform plate to olfactory bulb; 3) intraneuronal or paraneuronal retrograde transmission via the trigeminal nerve to caudal brainstem. Modification of proteins with amphiphilic Pluronic block copolymers such as P85 has been shown to enhance uptake of these proteins in neurons, epithelial cells, and endothelial cells [29, 62, 63] . Therefore, we hypothesized that such modification can also enhance the transmembrane penetration of the polypeptide across these epithelial barriers. Towards this goal, we tested if P85 modification improves INB delivery.
We compared LepNP85 to native leptin and random leptin conjugates (LepDSPP85 and LepDSSP85). We also included in this study a comparison of LepNP85 with N-terminal conjugate with PEG having approximately same molecular mass as P85 (LepNPEG5K). We examined the serum absorption and distribution of these compounds in hypothalamus where leptin regulates feeding behavior and in hippocampus where leptin can mitigate the cognitive dysfunction associated with obesity [64, 65] and Alzheimer's disease [66] . Based on this study LepNP85 was superior in terms of INB delivery to the native leptin as well as each other conjugate except for the non-cleavable random lysine conjugate LepDSSP85. Several conclusions can be made based on this. First, the P85 modification of leptin improved the intranasal delivery of this protein to the relevant regions of the brain. Second, the hydrophobic PPO block of P85 was important in the INB delivery process of the conjugate. (This conclusion was made by comparing the N-terminal conjugates of leptin with PEG (same as PEO) and P85 having a triblock structure PEO-PPO-PEO.) Third, the linker between the protein and the copolymer needs to be stable as the cleavable LepDSPP85 conjugate was less successful in terms of INB delivery than the two non-cleavable conjugates LepNP85 and LepDSSP85. These two latter conjugates displayed virtually same brain distribution after intranasal administration, which means that the site of the P85 attachment to the protein is not as important for this delivery pathway. However, the N-terminal conjugate, LepNP85 is still preferable due to its greater binding affinity compared to any of the randomly modified conjugates, LepDSPP85 or LepDSSP85. Although we showed that reduction of disulfide bond partially recovered the binding affinity of leptin released from LepDSPP85 [27] , LepNP85 had comparable binding affinity and central activity to that of native leptin, suggesting that it is unnecessary to release leptin from LepNP85. Taken together, LepNP85 was the best of the studied conjugates for INB delivery of leptin to brain hypothalamus and hippocampus.
This modified form of leptin has displayed the central activity of the hormone after intranasal administration. Specifically, LepNP85 activated the leptin receptor in hypothalamus at 2.4-fold lower dose than the unmodified leptin. This was consistent with the 1.9-fold higher AUC of LepNP85 in hypothalamus compared to the native leptin after INB delivery. Due to the low expression level of leptin receptor in hippocampus, we were not able to detect enhanced phosphorylation of STAT3 in hippocampus following ICV and INB administration of leptin and LepNP85.
Interestingly, P85 modification increased the serum absorption of the LepNP85 conjugate after the intranasal administration compared to the native leptin. The serum distribution of the conjugates appeared to correlate with their hydrophobicity as LepNP85 displayed higher serum levels than LepNPEG5K, but these levels were approximately equal to those of the uncleavable conjugate LepDSSP85. This suggests that the hydrophobic PPO block in P85 facilitates leptin transport across the epithelial barriers into the underneath vasculature. Similar to the native protein, the LepNP85 conjugate at least in part used a saturable pathway for the distribution to the serum that was inhibited by coadministration of the free hormone. It is known that leptin receptors are expressed in human nasal mucosa [67] [68] [69] [70] and serum levels of leptin were shown to positively correlate with that of nasal leptin in human [67] . Based on this, we believe that both the membrane binding of the PPO block and the receptor/transporter binding of the leptin might be responsible for the serum penetration of this conjugate after intranasal delivery. We also observed that leptin and LepNP85 were cleared into blood when administered locally into the brain by ICV injection. Compared to native leptin, blood levels of LepNP85 were higher, suggesting that the P85 modification enhanced the clearance pathway from brain to blood. Very interestingly, the cleavable LepDSPP85 conjugate after intranasal delivery displayed even higher serum levels than LepNP85. This could not be explained by the rapid reduction of the disulfide bond and transformation of LepDSPP85 into the free leptin in the nasal cavity, since the free leptin has even lower rate of serum absorption than LepNP85. Perhaps the disulfide bond reduction during the serum absorption process and the resulting change of protein size and hydrophobicity, recovery of receptor binding affinity, and/or disulfide exchange with endogenous proteins may contribute to the higher serum absorption of LepDSPP85 compared to LepNP85 .
We believe that one should not be concerned about the increased serum absorption of leptin as a result of P85 modification, because 1) the overall serum absorption of LepNP85 after intranasal delivery is minimal (< 2% ID/ml at 1 h) and 2) the obese patients with peripheral resistance have compensatory high circulating levels of leptin. However, having in mind that the serum pool of the material can reenter the brain after BBB penetration, it is important to analyze whether the conjugate has a direct access to the brain from the nose or it enters brain due to reabsorption. Comparing the LepNP85 total brain/serum ratios for IV (~0.02 to 0.04 ml/g) and INB (~0.14 to 0.45 ml/g) suggests that the blood to brain route could explain at the most only~9 to 14% of the whole brain uptake of this conjugate after intranasal administration. Therefore, we believe that the INB pathway was actually responsible for the increased distribution of the conjugate to the site of desired activity. This conclusion may be less obvious for the native leptin. Indeed, the leptin IV brain/serum ratios (~0.03 to 0.07 ml/g) are relatively closer to the INB ratios (~0.12 to 0.36 ml/ g). Therefore, the blood to brain reabsorption of the native hormone at least in part could contribute to its delivery to the brain after intranasal administration in the healthy animals. However, there are previous indications that native leptin can undergo the direct transport from nose to brain as INB delivery of leptin successfully reduced appetite and body weight in DIO models (where impaired transporter would have prevented the blood-to-brain reabsorption) [49, 53, 59] . Besides, Fliedner, et al. demonstrated that IV injection of unlabeled leptin cannot inhibit brain accumulation of radiolabeled leptin administered by INB route, suggesting that leptin takes a direct pathway from the nose to the brain [41] . We have also demonstrated that in a DIO mice model INB LepNP85 accumulated in the brain hypothalamus and hippocampus better than the unmodified leptin. Brain distribution of intranasal LepNP85 in healthy mice and DIO mice was essentially same. Taken together, the increased brain accumulation of LepNP85 is not due to enhanced blood absorption and subsequent brain reabsorption, but due to enhanced direct nose-to-brain delivery of the hormone as a result of its modification with P85.
We did not observe aggregation of LepNP85 after the modification of leptin with the block copolymer. Moreover, at the active dose of LepNP85 (5 μg/mouse), the concentration of the injected solution was 0.625 mg/ml (5 μg in 8 μl PBS) or 29.8 μM, which is lower than the critical micelle concentration (CMC) of P85 (0.03 wt% [71] or 65.2 μM). The pharmacokinetic studies used the trace amounts of radiolabeled leptin. This suggests that LepNP85 was unlikely to form micelles under the conditions used in the animal studies. Taken together, we believe that the improvement in the absorption of leptin as a result of P85 modification is likely due to the increased hydrophobicity and transmembrane penetration of the conjugate across the nasal epithelial barrier [29, 62, 63] .
To the best of our knowledge, this is the first study showing that P85 modification of leptin can enhance its direct nose-to-brain transport of the hormone and its activity with respect to the receptor. In general, formulation strategies used to enhance direct nose-to-brain delivery of therapeutic proteins remain largely unexplored [72, 73] . Absorption enhancers/tight-junction modulators, bioadhesive polymers, enzyme inhibitors, and nanoparticles have been studied [74] [75] [76] [77] [78] , aiming to improve the stability, prolong the residence time, create a local drug depot or enhance absorption across the mucosa epithelium. However, many of these strategies enhance systemic absorption following intranasal administration [79, 80] . Specifically for leptin, using an absorption enhancer lysophosphatidylcholine only enhanced systemic absorption but not the brain delivery [49] . In addition, the INB delivery of LepNP85 is independent of its receptors/transporters expressed in the nasal route, likely suggesting that our approach may be generalized for other proteins.
Of the challenges remaining for the development of an efficient treatment for obesity we would like to point out significant variability in the delivery and activity of the INB administered hormone. Limited information is available on the influence of dosing volume, tube insertion depth, head position and anesthesia on the nasal distribution pattern and efficiency of INB delivery [81] [82] [83] [84] . Targeting the olfactory epithelium is likely to be more challenging in human than the experiments on rodents which have over 50% nasal cavity surface covered by olfactory epithelium [85] . The drug should pass through the narrow triangular shaped nasal valve to reach the posterior olfactory epithelium [85] . To decrease variability and improve INB delivery one may need to use nasal devices such as one of those reported by Djupesland et al. [85] . Moreover, since obesity is a chronic disease and P85 modification did not enhance the retention of leptin in the brain, the use of a depot system for LepNP85 may further be beneficial for the treatment of obesity.
Conclusion
In summary, we improved the brain delivery of leptin for treatment of obesity by conjugating this protein with Pluronic P85 and utilizing the INB route to bypass BBB. The conjugation was carried out by selectively modifying the N-terminal amine of leptin to preserve the protein binding affinity and maximize homogeneity of the conjugate. We showed that this modification enhanced the direct nose-to-brain transport of leptin.
